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Products of hydrolytic polymerization of Cr(III)

hydroxide were investigated in Milli-Q water and in natural

water matrices. Products were first fractionated on

Sephadex column using eluents of increasing ionic strength.

Ion chromatography (IC) with UV detection at 436 nm was

then used to separate the ionic species. The IC separation

of the monomers and low oligomers was achieved with a low

capacity mixed resin column using eluent consisting of (2M

NaClO4/O.02M HC1 4 ) at pH 4.50.

In the unaged MQ water matrix no polymeric products were

detected in any fraction. The IC chromatograms showed only

the monomeric Cr(III) peaks with k' between 0.08 and 0.37.

Peaks corresponding to the dimeric and trimeric Cr species

were detected in the second fraction of the aged sample, at

k' of 1.09 and 1.70, respectively. Both polymeric groups

contained 45.6% of the total chromium in fraction 2. The

third fraction also contained a trimeric specie with k' of

1.79 and it contained 43.5% of the total chromium in that

fraction. The overall chromium recovery from all Sephadex

fractions was 100.76%.

In two types of natural water matrices, Cr(III)



hydrolytic products were synthesized with and without the

addition of electrolytes. Percent total recoveries of Cr in

the fractions from the Sephadex column were 94 or more.

However, the percentage of Cr in each fraction was

considerably different from what was found in the case of

Milli-Q water. In the case of the Lake Grapevine water, most

of the chromium (>80%) was present in Fraction 3 regardless

of the presence of electrolytes. The IC of the first and

second fractions showed several monomeric peaks with k'

between 0.01 and 0.60. A distinct trimeric peak was detected

in the third peak at k' 1.44. Results of the research

provided a new analytical methodology for efficient

seperation of Cr(III) hydrolytic products and illustrated

the formation of these products in natural water matrices.
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CHAPTER I

INTRODUCTION

The environmental fate and behavior of metals are

controlled by the chemical states of the elements involved

and major equilibrium and kinetic interactions (1).

Consequently, the chemistry and effect of metals in the

environment cannot be properly understood without the proper

knowledge of the species and its fate under prevalent

environmental conditions. Aquatic chemical kinetics,

however, is an extremely complicated and largely

underdeveloped discipline which still awaits systematic

treatment (2). Recent increase in metals pollution has

stimulated interest in investigating their chemical

speciation in aqueous solutions. However, to date, there

are still limited data on many of the different species of

these metals in the natural environment.

Metals chemical speciation is a function of acid-base,

redox and complexation reactions. It is however, expected

that the relative stability of any such complexed or

polymeric species will depend on the prevalent environmental

conditions. Metal ions in natural water are known to

hydrolyze forming hydrates and hydroxides which in turn form

polymers and oligomers (3). The amount and extent of

polymerization is usually limited by the precipitation of

the insoluble hydroxo and hydroxo-oxo-metal phases. The

1
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extent to which chromium species form hydrolytic polymers in

the aquatic environment is yet to be demonstrated. Detailed

studies on polymerization of chromium hydrates and

hydroxides, under environmental conditions are very rare.

The environmental behavior and the thermodynamic

properties of chromium is of particular importance because

of the implied adverse effect on human health. Trivalent

chromium is an essential element for glucose and lipid

metabolism, perhaps through the potentiation of insulin

activity. Chromium deficiency has been shown to result in

poor effectiveness of insulin (4). Hexavalent chromium

however, had been implicated as a potent carcinogen and in

other allergic dermatitis. Such hexavalent chromium

compounds include chromic acid and chromate salts which

cause skin ulcerations and perforation of the nasal septum

(5).

The mechanism of chromium (VI) toxicity involves its

reductions to chromium (III) in biological systems (6).

Chromium (VI) is reduced to chromium (III) in all biological

systems by sulfur and sulfhydryl containing amino acids e.g.

methionine, cystine and cysteine. In humans, some of these

reductions occur in the skin to produce Cr (III). The

trivalent chromium thus produced may form protein complexes

and may initiate sensitization. Alternatively the chromium

(III) produced can form co-ordination complexes with other

organic molecules .

- f'. :; .i:ae,.i'r .. _...:.,.., i,::.._,.. , . ,.c:... - a uM Sr v zo-« ,y a 3 Y,' "_:nl
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Chromium Chemistry

Chromium is a transition metal and may exist in

different oxidation states ranging from -2 to.+6 (7). In

aqueous systems, the most important states are the trivalent

Cr(III) and hexavalent Cr(VI) species (8). Trivalent

chromium is the most stable form, under redox conditions

normally found in natural waters (9). The refractory

behavior and the relative stabilities of the different

oxidations states could be explained by the electronic

configuration (Ar] 3d5 4s1. The physical properties such as

mp, bp and suggests that the 3d electrons are just beginning

to enter the inert-electron core of the atom and

consequently are less delocalized by the formation of metal

bonds. This can explain why the most stable oxidation state

of chromium is the +3 while chromium (VI) is strongly

oxidizing. In aqueous systems, chromium (VI) tends to form

polyoxo anions, and the oxidation states of +5 and +4 are

largely represented as unstable intermediates (3).

Trivalent chromium exhibits a strong tendency to form

hexacoordinate octahedral complexes with a variety of

ligands such as water, ammonia, urea, halides, sulfates,

ethylenediamine and organic acids in natural water. The

hexaaqua ion [Cr(H2O)6]3 which is a regular octahedron

occurs in aqueous solution and in numerous salts.

[Cr(H2 0)6 ] 3 + -IH+ [ Cr (H 20) 50H ]+2 [ (H 20) 5-Cr "1 Cr- (H2O) 5]

Upon addition of further base, soluble polymeric

:
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species of higher molecular weight and eventually dark

green-gels are formed (6). The principal characteristic of

these complexes in aqueous solution is their relative

kinetic inertness. Because of this property, many chromium

complexes can be isolated as solids and may persist for long

periods of time. Chromium (III) hydroxy complexes are

expected to be the dominant species of chromium in natural

waters. Ligand complexation is common to all chromium

oxidation states with differing stabilities and geometries

(11).

Aquatic Chromium Pollution and Fate

The most important sources of chromium pollution in the

aquatic ecosystem is reported to be the waste water fed

directly into the aquatic system (7,12). Chromium is

discharged into natural waters by natural weathering of

rocks and soils, drainage systems and industrial

manufacturing processes. Chromium wastes in the chemical

industry are generated from a number of sources such as

etching wastes plating, catalyst paint, water treatment

chemicals and leather tanning chemicals. In addition to

these, direct discharge from municipal and industrial

wastes, heavy storms and run off transports chromium bearing

sediments to surface water. Public water supplies range of

total Cr vary from undetectable to 36 ppb chromium (7).

Absorption and desorption are considered the two important

mechanisms controlling the fate of chromium in the aquatic

--_ s69 L,..-rt='N, F.x,. .. ,.. '::i1 -. ': .;a «_: .... .. : ,..;= ,.we{ x, ~.;.,;: ivi.. .. rpd . f li.rs w.rr .c, brms ,ar>r as
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environment. A number of investigators studied the sorption

behavior of chromium chemicals in the aquatic environment

(12). The strong sorption of chromium in the aquatic

environment is thought to be ancillary to Cr(OH)3

precipitation.

Although the solubility of Cr(III) in the aquatic

environment is limited by both absorption and precipitation

of Cr(OH)3, complexation with organic ligands may enhance

its solubility. Nakayama et.al. (13) demonstrated that

naturally occurring organics, primarily amino acids and

organic acids, form higher stable complexes with Cr(III)

under pH and redox conditions common to aquatic water. They

further detected no chromium (III) oxidation to Cr(VI) and

suggested that such oxidation must be kinetically limited.

To further investigate the possibilities of Cr(III)

oxidation to Cr(VI) under environmental conditions, both

Nakayama et. al. (14) and Vander Weijan and Reith (15)

bubbled oxygen constantly through seawater containing

Cr(III) for several days. No measurable amount of Cr(III)

oxidation was detected. However, in the presence of

manganese oxide, Cr(III) was converted to Cr(VI) even in the

absence of dissolved oxygen, suggesting that the catalytic

action of mangnese oxide is important in the oxidation of

Cr(III) to Cr(VI) in natural waters. In the presence of

complexing agents e.g. citric acid and amino derivatives,

Cr(III) oxidation to Cr(VI) is inhibited suggesting that the
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catalytic action of manganese oxide is ineffective with

stable chromium (III) complex.

Schroeder and Lee (16) investigated the rate of

oxidation of Cr(III) to Cr(VI) in the-presence of Mn02 was

investigated by addition of different amounts (25, 100, 250

mg/LI1) of MnO2 to Cr(III) solution. Results indicated that

the rate of Cr(III) oxidation catalyzed by MnO 2 depends on

the quantity of MnO 2 but that total chromium was not

oxidized even at vary high excess of MnO 2 in the presence of

other cations e.g. Ca2 + and Mgj+. They concluded that the

presence of other cations such as Ca2 + and Mg2+ with Cr(III)

may be preferred for the sorption sites on the MnO2. The

aquatic concentration of Cr(VI) is also controlled by pH and

the presence of reducing agents especially hydrogen sulfides

(H2S), produced by decomposing organic matter and industrial

discharge. The significance of these reductions has been

enumerated earlier and the fate of the Cr(III) produced

varies with environmental pH and Eh.

In neutral and basic conditions, trivalent chromium

forms polynuclear compounds in which chromium atoms are

linked through -OH and -0- bridges. Numerous investigators

have shown that chromium (III) forms hydrolyzed polymers at

elevated temperatures and high ionic strength (1,9,17). The

species formed may interconvert slowly and are generally

stable and could be isolated and analyzed. Whether these

polynuclear complexes are formed in measurable amounts in
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natural waters or not is yet to be demonstrated. However,

hydrolytic polymerization of metal ions is considered a

fundamental process. This research project investigates the

hydrolytic polymerization of chromium (III) in the aquatic

environment under prevalent environmental conditions. The

approach in the research will include the use of ion

chromatography and UV-visible detectors.

Chromium (III) Hydroxides

Metal hydroxides and metal oxide hydrates will

continually change their physical and chemical properties.

Chromium speciation in 'the aquatic system is mainly

controlled Eh and pH. Also contributing to chromium

distributions are, complexation and adsorption. The relevant

Eh-pH equations needed to construct the Eh-pH diagram is

shown in Table 1.1. The generalized relation between PE and

Eh is given by:

PE = Eh 2.3RTF 1 = 16.95 Eh (at 250C)

Eh = redox potential relative to hydrogen scale

(volts)

R = ideal gas constant (8,314J Mol K1 )

T = temp (OK)

F = Faraday constant (96,500 Mol-')

Table 1.1 The equations needed to build the Eh-pH diagram of

chromium species. Reference (18).

' il a' ti ffYgSs,:. _k ., .. .Kti... r;. . :. : ; ,, .,_,. a .. :,. , < ,,,z .Hw .u fro so- sr
.
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Table 1.1 The equations needed to build the Eh-pH diagram of

chromium species. Reference (18).

*) Eh i ndeptnd*nt eqIution :

1. ICr04 : Cr04  +" +

2. Cr 3 + + 2U0 ;: Cr(ON) 2 * 2

3. Cs(O) 2.+f 2  ....--. r Cr(O1!) 4N
4. Cr(ON) 4  ; Cr * 200

S. Cr0 + 2HO =0Cr (01)" + 20N

6. "Cro C

7. 1/2 Na2Cr2O 7 + 1/2 
_____ Cr02 ' +Na+g

S. Cr207 *2h 0 2HCr04

9.Cr0M2 + K0 CrOH) *+

10. Cr3 ' + f20 Cr (0N)2 , a+

b) pH Independent equations:

1. Cr3 * +e Cr2 +

2. Cr 43 +3eCr

3. Cr2 + * 2. " Cr

c) Lh and PH dependent Qua tons:
1. Cr 2 07

2 " * 141 . *e 2Cr + 7H120

?. frOl' 4 E7L + 3% Cr3 *' 4M=0

pk . 6.41

ph a 10.20

pk a 7.7!

pk a 10.5

ph a 10.24

pk a 6.5

pk " .9

pk " 2.2

pk * 6.20

pk . 3.2

Ip. . .0.4V

r = @O.74V
E " -0.l6V

E 1.33Y

E s - .OV
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The Eh - pH diagram was then constructed using the

relevant half reactions of the chromium species at a given

concentration and various pH (18).

Schmidt (19) studied all the available thermodynamic

data in chromium speciation and using these data, an

activity ratio vs pH diagram was constructed to illustrate

the inorganic distribution of aqueous Cr(III) species. The

pH dependent distribution of aqueous chromium (III) species

is given in Fig. 1.1. Cr(OH)+2 which is the predominant

species at the pH of natural water (18) was used to obtain

the ratio of other soluble species at a given pH. Higher

solubility ratio was obtained for Cr(OH)+2 at acid pH while

Cr(OH)' 4 ratio predominate at high pH.

The first hydroxy complex of Cr3t, CrOH2 +, is formed in

the reaction,

Crk(aq) + OH(aq) # CrOH2
+aq

Several investigators (20,21,22) studied the formation

of the second hydroxy species.

a) CrOH2+(aq) + H20 (L) x Cr(OH)+2aq + H Ref (20)

b) Crk(aq) + 20H- Cr(OH)+2aq Ref (21)

c) Crk(aq) + 2H2 0 (L) $ Cr(OH)+2 aq + 2H Ref (22)

Based on thermodynamic calculations (19-21) reaction

(b) is the favored process for the formation of Cr(OH)+2.

The uncharged hydroxy complex Cr(OH)*3(aq) is thought to

form by the reaction:

Cr3+aq + 3 H2O = Cr(OH)*3aq + 3HWaq



Z
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0

Figure 1.1. Aqueous Inorganic Cr(III) Species as a
Function of pH. From Reference (19).

10

Cr (I I)

S

4

C

ctC(ON),

,tes C,03m

4 5 6 7
pH

e 1o

-- U 
-U- -

- ---- ---

r

0



11

At higher pH, in the presence of excess OH, Cr(OH)4 is

formed from Cr(OH)30 dissolution. They also concluded that

the polymerization behavior of chromium (III) is a very slow

process because ligand displacement is involved in the

polymerization process. This is due to the increase in

energy barrier in going from the octahedral configuration of

Cr(H2O)6 ' to a quadratic pyramidal or pentagonal

bipyriamidal intermediate. This increase in energy is

greatest for a d3 transition metal ions.

The solubility of aqueous Cr(III) is limited by the

formation of several insoluble oxide or hydroxide

precipitates. Initial studies of the solubility of aqueous

Cr(III) was conducted by Rai and Zachara (10). Their results

indicated much lower solubilities than calculated from

available solubility product data by Baes and Mesmer (22) as

shown in Table 1.2. The higher values for Baes and Mesmer

(22) were due to consideration of polymeric species. They

concluded that at pH 7 or less, polynuclear species of

Cr(OH)3 would be dominant, but Rai and Zachara (10) disputed

this conclusion.

Further investigations of this phenomena was carried

out in this laboratory by Saleh et.al. (18). They found the

solubility of Cr(OH)3 to be consistent with that of Baes and

Mesmer (22) at neutral pH's, thus indicating the presence of

polynuclear species. However, at acidic pH, the results

indicated that polynuclear species were not dominant,

u ';,-.:,:-.LY .M:vAvj cf,'., +ft, :t ,x;, tiLLid ,. -ar;:., a 4..i .:s .. e..
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Table 1.2 Thermodynamic Equilibrium Constants (Log K) for

Cr(III) Hydrolysis Reactions (From Reference 10 and 22).

(Ref 10) (Ref 22)

log K

Reaction

Cr (OH) 3(s)+3H Cr++3H2 0

Cr (OH) 3(s)+2H* CrOH2++2H2o

Cr (OH) 3(s)+H+ CrOI4+H2 0

Cr (OH) 3(s) CrOH

Cr (OH) 3 (s)+H20 CrOH4+H

2Cr (OH) 3(8)+4H, Cr2OH +

4H20

3Cr (OH) 3(S)+5H4  Cr3OH +

5H2 0

4 Cr (OH) 3(s)+6H, CroHt +

6H20

0.01 H

< 9.80

5.80:0. 18

<-0. 67

<-7.13

-18.15 0.27

<13.5

<17.3

<21.1

0.01 H

< 9.62

5.62*0.18

<-0.72

<-7.13

-18.20 0.27

<13.3

<17.1

<20.9

0.001 H

12.0

8.0

2.3

- 6.0

-15.4

18.9

27.9

<39.2

...,..m.vwRwmvw=wm
a

.;rM,_ ,.,, r , ,
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consistent with Rai and Zachara (10). Results are

illustrated in Figure 1.2. The solubility limitations

further complicate the study of Cr(III) polynuclear

complexes. In aquatic systems, these limitations are

of critical importance since they may influence the

transport and toxicity of chromium compounds.

Hydrolytic Polymerization of Chromium (III)

Hydrolytic polymerization of most metals ions in aquatic

systems is still not quite understood, essentially because

of the limitations in the formation of significant amounts

of oligomers. Other limitations include the lack of fast and

reliable analytical methods and the precipitation of

insoluble hydro-oxo and hydroxy-oxo- metal phases which may

not be stable. However, the chromium(III) hydrolytic

polymers are kinetically stable enough to be isolated and

studied. They are also free of interferences from redox

processes and almost exclusively form octahedral co-ordinate

products. Consequently, many investigators have studied

Cr(III) polymers and structures have been assigned.

The hydrolytic polymerization products of Cr(III)

include the monomers Cr (OH) 2+, Cr (OH)+ 2 , Cr (OH)3 and Cr (OH) ~

4; the low oligomers comprising the dimers Cr2 (OH) 4+2 , the

trimer Cr3 (OH) 4
5+ and the tetramer Cr4 (OH) 6  and the higher

oligomers which include the pentamers, the hexamers and

other larger sizes. The technical and commercial importance

.+ci'-' I .- _,... .t . . . .. ti..: r,:_ _. :v'6 uar :'mx 1.,. , mw, r.. . . .. 8 t. _
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Figure 1.2 Aqueous solubilities of Cr(OH) 3 as a function
of pH. From Rai et al. (9) and Baes and
Mesmer (22). Experimental data from reference
(22).
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of basic chromium solutions in many industrial processes

also contributed to the, enhanced interest in the

investigation of such species. Also, changes in chromic

species are generally quite slow, which allows for a use of

a variety of techniques for their investigation.

Initial studies on the hydrolytic polymerization of

chromium (III) were first performed in 1908 by Bjerrum (23)

who reported the presence of dimeric species of chromium

(III) by changes in the hydrogen ion concentrations. The

equilibrium formation of both the monomeric and polymeric

species was established by the much slower attainment of

equilibrium in the polymer. It was suggested that the

formation of these polymers involves hydroxide bridging and

the simplest polymer formed from Crk solution in dilute

acid was given as Cr2(OH)24 . The existence of higher

polymeric species was postulated but the supporting data was

rather unconvincing. Earlier studies of chromium (III)

complexes were conducted by oxidation of chromous

perchlorate Cr(C104)2 solutions.

Ardon and Stein (24) studied the product of oxidations

of acidified chromous perchlorate solution with oxygen. The

product formed was bluish green. The blue green solution

product contained only Cr(III) but no [Cr(H20)6]3 + or any of

its mononuclear substitution products were detected. It was

then concluded that this product was a hydrolytic polymer of

Cr(III).

.:.. _ .. .. , '..i ".. _ ; ,. K, ,r. r':YAI.w'..Y itr Y/:' ~i;. .a .M-i'i F. 'N i:.U'v F. i.Y..-r:.... :,(fin ~a yr..;c.. 3.x 'i3:',:,,r._. 
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Laswick and Plane (25) were able to exploit the

inertness of chromium species to isolate the hydrolyzed

polymers using ion-exchange column chromatography. Their

results showed. that refluxed solution of chromic nitrate or

perchlorate contained some polymeric species in addition to

the monomeric species. Using Dowex 50 stationary phase,

these species were eluted with increasing concentrations of

Li(C104)3 and HC104. Three species were eluted. The initial

species was characterized as the monomer [Cr(H2O)6]3. The

second species was retained longer than the monomer and was

considered to have higher size than the monomer but smaller

than the late eluting green species. No exact formula were

assigned to these apparent polymeric species. They also

suggested that the oxidation of chromous Cr (II) perchlorate

to chromium (III) initiated the polymerization reaction.

Ardon and Plane (26) showed that the second eluted

species presumably the dimer was identical to the principal

oxygen oxidation product of chromous perchlorate solution,

thus providing a convenient method for the production of

this dimeric product. Finholt (27), Ardon (28) and Thompson

(29) identified Cr(III) polymeric species in boiled and

refluxed acidic Cr(III) through ion-exchange column

chromatography and spectrophotometric techniques. The

component dimeric species was later confirmed by Laswick

(25) and Ardon (28) and the two possible stoichiometric

formulae were suggested , Cr2 (OH)24+ and Cr2O4+. The formula
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Cr2 (OH) 24* was later confirmed as the correct structure for

the dimeric species by Kolaczkowski and Plane using isotopic

studies (30). Kinetic studies on the dimer formation showed

that the rate of oxidation was second order in Cr(II) but

directly proportional to oxygen flow rate. A transient

intermediate, (suggested to be a peroxide-bridge) was-

thought to precede the formation of (Cr 2 (OH)2 z2i (30) .

Thompson and Connick (31) isolated a single bridged

dimer (SBD) with the formula (CrOHCr] 5+ or [ (H20)5 CrOH

Cr(H20) 5J5+ differing from the previously established double

hydroxyl bridged dimer (DBD). Cr2 (OH)24f or [H2)4 Cr(OH)2

Cr(H20) 4 ]4 * (23,26,28). The formula for the SBD was

established through equilibrium measurements and freezing

point depression. They were produced at' high acidities from

the DBD and an intermediate in the DBD decomposition. The

electron spin resonance spectra (ESR) for the monomer, the

single and double bridged dimers and the trimer are shown in

Fig. 1.3. The ESR of the monomer shows a single sharp ESR

absorption line while the polymeric species absorption show

broader ESR absorption lines. The broadening in the

polymeric species originated from the spin-spin coupling

interaction between the electrons of the adjacent chromium

atoms. The exchange coupling interactions (J) for the singly

bridged dimer are larger than the doubly bridged species

perhaps due to a more favorable bonding coupling angle for

the SBD. Jorgensen C.K. (32) determined the correlation

ea'- a ,,: 4' i.? ! . . cz:. .:i.. _~ .. ,. , _,., . .. .. _ _. .T..- FkL #d::;ti ll..i s 5c_ ,i,.,.s:F ,.«,... :5r;.r
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between the spectroscopic splitting factor (g), spin-orbit

coupling at constant (A) and the ligand field splitting (A),

for Chromium (III) in an octahedral field, g is given by

g = 2.002 -(8A/3A)

where A = 273 cm1 and A = 17500 cmO

Using this equation, the g values for Cr(III) determined for

DBD and SBD are 1.976 and 1.916 respectively in comparison

to 1.980 for the monomer. The line widths for the polymeric

species were 4-6 times broader than that of the monomer

(31). The small variations in the g values of the two

species and the monomer is consistent with small ligand

field splitting A which approximates 17500 cm 1 for all the

chromium complexes in their sample. The A max for all the

species also differ slightly from one another. The monomer

Cr(H20) 6
3 + has a A max at approximately 408nm, the DBD has A

max of 418 nm while the SBD has A max of 427 nm and the

trimeric species Cr3(oH)45* has A max of 436 nm. The

differences in the A max could therefore be used to identify

these species.

The uncharacterized green polymeric species reported by

Laswick and Plane (23) was further investigated by Finholt

et. al. (33). The chromium (III) solutions containing the

green species, the monomer and other polymeric species were

either prepared by refluxing Cr(NO3)3 solutions or by

dissolving metallic chromium in perchloric acid to give a

high chromous ion concentration. This chromous ion was then

". nF .41.-A++,.d1s''. _- _ -.. Sx:>xh Au wligy +,.. ,-'Wf G MOk+ .i"L
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oxidized to Cr(III) by bubbling oxygen through the

solutions. The green species was separated from the mixture

of Cr(III) polymers using displacement ion-exchange

chromatography. The degree of polymerization of was

established using freezing point depression and was found to

be 3. The number of hydroxides per chromium atom was found

to be 4/3 ie four hydroxides for every established three

chromium atoms in the polymer. The charge per chromium atom

was found to be 1.67 cationic charger/ chromium atom

consistent with a +5 for the trimer. The formula Cr3(OH)45

was then assigned for the trimer. Absorption spectrum and

ESR of the species was found to be consistent with Thompson

and Connick (31). Two different arrangements of chromium

(III) atoms was postulated, an equilateral triangle with the

chromium atoms at the vertices or a linear array of chromium

atoms, Figure 1.4. The bridging groups were assumed to be

the hydroxide since that had been established for both of

the dimeric species (29).

Further characterization of this trimer and other

possible polymeric species was conducted by Stunzi and Marty

(34). They initiated a study of the mechanistic and

structural aspects of the hydrolytic polymerization of the

chromium (III) aqua ion. Members of the hydrolytic polymers

were separated on Sephadex SP C-25 with increasing strength

of sodium perchlorate NaC104 (0.5 M to 4.0 M). In order to

separate the oligomers in their fully protonated form, the
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Reference (33).
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eluents were made acidic with HC14 (0.01 to 0.04M). Figure

1.5 shows the oligomer separation steps used in ref 34.

Elution with increasing concentrations of NaC1O4 showed that

the initial bluish-purple eluant to be the monomer,

(Cr (H2O)6] aq, followed by the greenish blue

dimer [Cr(OH) 2 Cr]4aq, followed by the green trimer

[Cr3(OH)4]+aq. An olive tetramer was also separated

[Cr4(OH)6]M . Two higher polymers suggested to be a pentamer

and a hexamer were eluted with 4M LiC1O4. Acid cleavage of

the pentamer yielded a monomer, dimer and a trimer. Visible

spectra of the species showed a close similarity between the

hexamer and the trimer. The order of stability of the

polymers were dimer <trimer>> tetramer. The extreme

stability of the trimer over the other species was

attributed to the trigonal arrangement of the three chromium

ions sharing a common hydroxy bridge as shown in Fig 1.6.

The properties of the tetramer [Cr4 (OH) 6 6+ suggest that

the forth chromium center may be bound through OH bridges to

two of the chromium ions of a trimeric unit (34). Acidity

measurements indicted that the fully protonated

tetramer has a higher acidity compared to the trimer,

indicating that at least one of the chromium centers in

[Cr4(OH)6 6+ has the "acidic type" of coordinated water. Upon

deprotonation or dehydrogenation, intramolecular

condensation was proposed to occur producing a tetra

coordinated oxo ligand as shown in Fig 1.7.
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Spiccia and Marty (35) continued the investigation into

suspension. A pH and time dependent effect on the physical

and chemical properties of the hydroxide polymers (unstirred

suspension) was studied to elucidate the general pattern of

the initial stages of active Cr (OH) 3 
3H2 0 transformation.

The results indicate that oligomer formation increased with

time but that such increases were not linear over the time

period studied. Polymerization was however, shown to vary

with pH. The results further showed that the rate of

polymerization decreases from pH 5-6, goes through a minimum

at pH 6-7 and then increases above pH 8 as shown in Figure

1.8 and Table 1.3. This pH dependent variation was suggested

to result from the expected decrease in the concentration of

the deprotonated monomer in solution of [Cr(OH)2 (OH2)~r (3-
r)+] (rs2) in rapid equilibrium with Cr(OH) 3 . 3H20 at low pH.

At high pH however, concentration of the deprotonated

monomer is higher with the presence of anionic Cr(III)

species, suggesting oligomer formation at high pH. These

results strongly contradicted the results of Baes and Mesmer

(22) who had earlier shown that polynuclear species were

dominant at pH < 7. In stirred suspensions however, the rate

and mechanism for the transformation of active chromium

hydroxide differed markedly. Results of active Cr(OH) 3 . 6H20

incubations at various pH and time show an increase in

oligomer formation over time at low pH which is in support

Baes and Mesmer (22). It was also noted that high oligomers
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Figure 1.8 pH and time dependence of the aging of
"active" Cr (OH) 3 . 3H20 at 25C: (0) time = 600
s; (A) time = 5.76 x 104 s; ( ) time = 2.592
x 105 s (unstirred suspensions). Reference
(35).
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Table 1.3 pH and time dependence of the aging of
unstirred active Cr (OH) . 3H20 at 25 C and
I = 1.0 M (NaCIO 4). Reference (35).
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were the dominant species at pH 5.08 over about 15 hour

period as in the stirred sample suspension. The- time

dependence of the aging in stirred and and unstirred

suspension is shown in Fig. 1.9 and Table 1.4. At high pH,

there was a considerable reduction in the formation of high

oligomers.

Two possible mechanisms were suggested for the

transformation of active chromium hydroxide into hydrolytic

oligomers (35); (i) is the solid state process and (ii) the

exclusive homogenous solution process. The solid state

process is initiated by hydrogen bonded water molecules

formed between chromium atoms in the solid/solution

interface at ordinary temperatures. Such hydrogen bonded

water molecules are stable at ordinary temperature but are

thermolabile. At high temperatures, this hydrogen bonded

water molecules are eliminated and substituted by hydroxy

ligand of an adjacent Cr(III) center (Scheme I). This

results initially in the formation of a mono (p-hydroxy)

dichromium fragment. Acid dissolution and further

dehydration results in [(H20)5 CrOH Cr(H20) 5J5+ referred to as

single bridged dimer SBD (31). Dilution and further

dehydration results in the conversion of the SBD into doubly

bridged dimer ((H20) 4 Cr(OH) 2 Cr (H20) 4] 4+ (26,30,31). Higher

oligomer could then be formed by successive precipitation

and dehydration of lower oligomers from the interior of the

solid at same pH. Thus its formation rate is expected
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Figure 1.9 Time dependence of the aging in stirred (full
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Table 1.4 The effect of stirring on the aging of
Cr(OH) 3 . 3H20 at different pH values.
Reference (35).
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to be pH independent.

In the exclusive homogenous solution mechanism, the

monomeric chromium hydroxide unit Cr(OH)3(H20)3 is required

to leave the surface of the solid before undergoing

hydrolytic polymerization. The release of these monomeric

units may be assisted by protonation or possibly

deprotonation, depending on the solution pH (35). Also some

dimeric units at the solid/solution interface could be

released into the solution depending on the solutions pH.

Therefore the exclusive homogenous solution mechanism is

expected to be pH dependent.

It appears therefore that the enhanced formation of

higher oligomer with continuous stirring over time and pH of

5.06 shown in Table 1.4, was a result of enhanced release of

monomeric and possibly dimeric units thus preventing the

oligomer form blocking the surface of the active Cr(OH) 3

3H20, thus supporting the solution mechanism. Also the

increased formation of higher oligomer at low pH tables

(3,4) is consistent with the general increase of higher

oligomer where total (Cr] is highest. At intermediate pH,

less monomer is released because of the low solubility and

consequently slow hydrolytic polymerization due to low

monomer concentration. At higher pH values, the higher

reactivity could be explained by an increase in solubility

of active hydroxide in the form of anionic species.
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Ion Chromatography Techniques

The ion chromatography technique combines ion exchange

separation, eluent suppression (for high background

conductivity eluents, suppression column is used) and

conductivity detection for qualitative and quantitative

determinations of several ions. The basis for the

development of the I.C. technique is that since ions in

solutions exhibit some conductivity, a good universal ion

detector could be based on conductivity measurement.

However, the problem of background conductivity from eluent

ions meant a great set back in peak identification and

quantitations. Sensitivity detection in such cases was

enhanced by passing effluents containing the separated ions

through an eluent modification device (suppression) that

suppresses the eluent conductivity and enhances sample

conductivity (36). The draw back with suppressed I.C. is

the associated cost, band spreading, and severe limitations

in applications. Specifically, the technique was found

unsuitable for determination of transition metals due to the

formation of insoluble metal hydroxides in the suppression

column.

The IC technique involves the exchange of ions between

the mobile phase and the stationary phase. In operation, it

is an absorption process whereby an ion in the mobile phase

displaces another similar ion in the stationary phase and is
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therefore retained at the exchange site.

RX R-WX++Y+ R- Y++X+

Net reaction involves mobile ions exchanging sites with

counter ions in the column and is thus retained such that

electroneutrality is maintained.

Non-suppressed Ion Chromatography (IC) using low

capacity resins was developed by Small et al. (36). In

1979, Fritz et al. (38) demonstrated that by using low

conductivity eluents, the suppression device could be

eliminated for the high sensitivity determination of ions. A

variety of organic acid eluents with low conductivity and

high sensitivity were used for determination of ionic

species. Modern IC is uniquely powerful in the analysis and

determination of samples where, high sensitivity is

required, multiple ion determination in a mixed sample is

preferred, where matrix problems causes interference in

other analytical techniques and when similar ions are

analyzed and specificity is necessary (39).

Ion Chromatography of Transition Metals

Ion chromatography is an excellent and widely used

analytical tool for the separation of both free transition

metals ions and their metal complexes (40,41,42). Though

transition metals generally had a strong affinity for the

cation exchange site of the stationary phase due to high M"

charge density, choice of high ionic or acid strength eluent

Raw_
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are usually good for their elutions. Kraus and More (43),

were one of the earlier investigators to demonstrate the use

of ion exchange chromatography for the separation of

transition metals. A complexing agent is usually required

to reduce the M'" charge density. More recently, Saleh et.

al. (44) have utilized ion chromatography coupled with a

conductivity detection for the analysis of soluble Cr(III)

and Cr(VI) in aqueous samples. Most commonly used

complexing agents include citric acid, oxalic acid, tartaric

acid, hydroxybutyric acid and phthalic acid of which

tartaric acid is the most commonly used (45-52).

Metal ions with similar charge to size ratios are

however very difficult to separate by pure cation exchange,

but by choice of proper ligands or chelating agents, the ion

exchange properties of individual metals could be

manipulated. The choice of complexing agents which will

give a significantly different formation constants for

different metal ion complexes allows for rapid and complete

separation of most metal ions. Ethylenediammonium Cation

(EDA) is commonly used as a counter ion. In cation mixture,

EDA eluent also does not significantly affect cation

selectivity. The proposed mechanism for the tartaric

acid/EDA eluent includes a combination of the mass action

"pushing" effect of the EDA cation and the weakly complexing

or pulling effect of the tartarate anion (47). In general,

the greater the difference in the charge of the metal ion
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and metal ion complex, the more effective the

chromatographic separation.

The first rule for eluent selection in single column

ion chromatograph with conductivity detector is to choose an

eluent buffer which maximizes the differences in equivalent

conductance between sample of choice and the buffer. Eluents

containing ethylenediammonium ion and either tartarate or

hyoxy isobutyrate as the complexing anion have been used

(42,47). In recent work, ethylenediaminetetraacetate (EDTA)

has been used to separate transition metals such as Zn2+,

Mn2+, Cu+, Fe2 + and Ni2+ (48) . In cases where the complex has

a weak absorbance, both UV detectors and conductivity

detectors can be used. The visible absorption spectra of

chromium (III) hydrolytic polymers has been demonstrated

(31). This approach may very well be useful in our

analysis, or we may utilize the differences in sizes and

charges of Cr(III) hydroxide polymers and the associated

difference in affinities towards the exchange site coupled

with conductivity detectors. Thus separation of these

species is expected to be feasible by ion exchange

chromatography coupled with either conductivity or UV

detector.

Most of these earlier studies of Cr(III) hydrolytic

species were concerned mainly with their synthesis, yields

and structure. Also, in all these previous studies, ion

exchange column chromatography was used as the main tool for
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isolation of these products. These methods have inherently

limited separation efficiencies. With increasing interest

in metals speciation in solutions, it is important to

develop an efficient and rapid method for the investigation

of these compounds.

Research Objectives

The objectives of this research were three fold:

a) Study the influence of pH and ionic strenght on

the retention of Cr(III) monomer on IC-PAC

column, using EDA/Tartarate eluent.

b) To develop a suitable IC method for the study of

Cr(III) hydrolytic species by combined use of ion

chromatography method coupled with atomic

absorption spectroscopy.

c) To evaluate the formation of such hydrolytic

species in natural water matrices.

The approach adopted was to:

1) Optimize the IC monomer procedures that were

developed earlier in this lab (44).

2) Synthesize Cr(III) hydrolytic species in pure

water. Make initial separation by Sephadex

column chromatography.

3) Subject column chromatography fractions to

analytical IC separation.

4) Carefully evaluate the IC separation and

recovery.
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5) Evaluate the formation of hydrolytic polymers

in natural water matrices by using the

established methods.

Hydrolytic polymers were prepared in representative

natural water samples. Both aged and non-aged samples were

subjected to the same chromatographic separation methods.

Synthesized hydrolytic species were first fractionated by

column chromatography and then analyzed by ion

chromatography coupled with UV detection. optimum

separation conditions were achieved after evaluation of

different column and eluent strengths. Fractions of

hydrolytic species were identified by their retention

behaviour and quantified by atomic absorption.
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CHAPTER ' II

INSTRUMENTATION

Ion chromatography was performed with HPLC system

consisting of Waters model 501 pump and 740 data integrator

(Waters Assoc., Milford, MA, USA). Two general instrumental

assemblies were used as shown in Fig 2.1. One included the

IC coupled with Waters model 430 conductivity detector and

the other included the IC coupled with a Beckman 160 UV-VIS

detector (Beckman Instruments, Fullerton, CA, USA). The

injection valve was Rheodyne model 7010 fitted with lmL

injection loop (Rheodyne Catcatis, CA, USA).

The IC separation column used for Cr(III) monomer

optimization studies was waters IC-PAR column coupled to

waters guard PAR column. A CSS pellicular mixed bed column

with CG5 pre column (Dionex Inc., CA, USA) (3) was used in

the polymer studies. The properties and dimensions of the

IC columns are shown in Table 2.1 and the ion chromatography

parameters is shown in Table 2.2.

Atomic absorption measurements were carried out on a

Perkin Elmer 2380 atomic absorption spectrophotometer with a

chromium light source (Fisher Scientific Company Milwaukee,

Wi., USA). Instrumental conditions and all operating

parameters were set according to the manufacturer's

44
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Port

Pump Waste

Guard
Column

Separator
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Conductivity or Recorder
UV-VIS Detector

Waters 501 Solvent Delivery System
Waters 430 Conductivity Detector
Beckman 160 UV-Visible Detector
Waters 740 Data Module

Figure 2.1 Schematic diagram of IC with conductivity
and UV-VIS detectors.



Propeties and Dimensions of the IC Columns

Separator Column

Packing Material

Functionality

Degree of Latex
Crosslinking (%)

Size of Microbeads (nm)

Hydrophobicity of the
functional group

Guard Column

Exchange Capacity
(meq/ml)

Particle Size ( m)

Column Dimension
(mm) ID x ((cm)L)

Eluent pH Range

Maximum Back Pressure
(psi)

Maximum Flow Rate
(ml/min)

DIONEX CS5 IC-PAK C

Dionex CSS Waters IC-Pak

Polystyrene gel Polystyrene
gel sulfonated
cation column

Sulfonate and

quaternary amine.
Mixed resin of
Cation; anion,

2.4:1

2% -

100-

very hydrophilic

Dionex CG5
Precolumn

35

13

50 x 26

1-13

1100

Waters Guard-
Pak Precolumn

30 + 3

10

4.6 x 5

1 - 13

1000

1.0

Table 2.1
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IC Operating Conditions

Mobile Phase

Flow Rate

Sample Loop

Injection Volume

Maximum Pressure

Wave Length

UV Detector Range

Chart Speed

2M NaCIO4 - 0.02M HCIO4
pH=4.50 at 254C
or EDA/Tartarate

1.0 ml/min.

0.1-1.0 mL

50-1000 uL

1100 psi

A = 436nm

0.004

0.5 cm/min

Table 2.2
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procedures. All experiments were performed at room

temperature.

REAGENTS AND CHEMICALS

All chemicals and reagents were ACS grade. Cr(III)

standard solutions were prepared by using the appropriate

amount of reagent grade CrClf6H2 0 (CAS. Req. 10060-12-5) and

diluting with Milli-Q water to provide the desired

concentration. The mobile phase for the IC was filtered

through a 0.45 um membrane filter and then stirred under

vacuum to remove dissolved gas. The IC eluents for the

monomeric studies were tartaric acid (CHOH)2 (CO2H)2 (CAS

Reg. 87-69-4) and ethylene diamine H2 NCH2 CH2 NH2 (CAS Reg.

107-15-3) solution. Oligomer preparation was performed by

the use of appropriate amounts of CrCl3 6H 20, NaClO4 (CAS

Reg. 7601-89-0) and HC104 (CAS Reg. 7601-90-3), where the pH

was adjusted with pyridine (CAS Reg. 110-86-1). While low

oligomers were eluted from the IC with NaCIO4/HClo4 , higher

polymers were eluted with a solution of K2c204 (CAS Reg.

6487-48-5) and NaOH (CAS Reg. 1310-73-2) column

chromatography was performed with Sephadex SP C-25 cation

exchange (CAS Reg. 61840-62-8).

METHODS

I Construction of Eh-pH Diagram.

Using the equations listed in Table 1.1, the Eh-pH

diagram for Cr speciation was constructed at 4.14 x 10-2 M
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as shown in fig 2.2.

II Optimization of the IC Monomer Method

The IC of Cr(III) with ethylenediamine and tartaric

acid as eluent was evaluated to establish the optimum IC

conditions for the elutions of Cr(III) monomeric species.

The eluent pH was varied from 3.0 to 5.0 by adjusting with

sodium hydroxide or phosphoric acid to observe the influence

on retention and amount of chromium eluted. Also different

concentration levels of tartaric acid at constant EDA

concentration were used to observe the changes in the

Chromium (III) retention behaviour.

III Preparation of Hydrolytic Polymers

Two Hydrolytic polymerization experiments were

studied. One was prepared in pure water and the other was

prepared in natural water matrix.

Several factors were considered in selecting the

experimental waters. First, it was necessary to use water

with a broad range of characteristics. Second, there was a

need to use water representative of the natural environment.

Third, there was a need to use pure water system essentially

devoid of organics and inorganics. After careful

evaluations, MQ-water (distilled-deionized water) and a

natural water matrix were selected.
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need to use water representative of the natural environment.

Third, there was a need to use pure water system essentially

devoid of organics and inorganics. After careful

evaluations, MQ-water (distilled-deionized water) and a

natural water matrix were selected.

a. Milli-Q water (distilled-deionized organic free

water). This would allow us to evaluate Cr(lll)

hydrolytic polymerization in the absence of other

competing reactions such as complexation.

b. Natural water matrices:

Cross lakes LA. water and lake Grapevine Tx. These

water matrices were chosen because they are known to

have a constant composition, free from industrial waste

and are high in natural organic content. This would

allow the evaluation of hydrolytic polymerization of

Cr(III) in the presence of other fate processes.

A. Experiments in Milli-q Water

These experiments were all performed in Milli-Q water

as a medium. The experiments involved the synthesis,

fractionization and IC of unaged and aged Cr(III) solutions.

The experimental flow chart is shown in Figure 2.3.

Essentially, three samples representing a reference (rf),

unaged (ug) and aged (ag) Cr samples were subjected to the
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Figure 2.3 Synthesis and Separation of Cr(III)
hydrolytic species in NQ Water.
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same analytical scheme. The reference sample contained I M

NaClO4 and 0.073 M HC1O4 solubilized in Milli-Q water and

adjusted to pH 5.07 with pyridine. The aged sample

contained 0.0414 M CrCl3.6H20 and the same concentrations of

NaClO4 and HC104 as the reference sample. The solution was

continuously stirred and aged for 3 consecutive days.The

unaged sample had the same composition except that it was

freshly prepared on the experiment day.

B. Experiments in Natural Water Matrix

The experimental flow chart is shown in Figure 2.4.

Two natural water matrices were used namely Cross lakes

water matrix and lake Grapevine water matrix. In the lake

Grapevine water matrix, two sample preparations were used.

One sample preparation contained 1 M NaCIO 4 and 0.073 M

HC104 solubilized in lake Grapevine water and the other

contained no NaCIO4 nor HC1O4. The pH of two samples

preparations were 1.01 and 2.83 respectively. A preparation

with no NaClO4 nor HClO4 was also preformed in Cross lakes

water matrix. The pH of the Cross Lakes water sample was

2.45. There was no pH adjustments in any of the natural

water preparations. For each Cr(III) sample, a reference was

prepared from the same water matrix. The aged samples were

continuously stirred and aged for 3 consecutive days.

. ..... .. k:nrYktr._ ,, .a.. .. ,. s... _,. .. , ... _.,;. i. n y.w. .... _:,w._., .. ~ar aF! ;;. -:a 4 M~ . .:Fi.akl- - -,sz ., .n. At-.. . .r; -' _.._
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hydrolytic species in natural water matrices.
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Oligomer Separation by Column Chromatography on Sephadex

Sp C - 25

Hydrolytic monomeric and polymeric units were initially

separated from Sephadex column by elution with increasing

strength of NaCIO4/HC104 solutions based on the methods used

by Spiccia and Marty (1). For each type of the sample

preparation, three Sephadex columns (1 cm ID X 8 cm L) were

prepared under identical conditions. Each sephadex column

was loaded with 5 ml of the aged and unaged Cr(III),

separately. Four eluents were used with each column. The

first fraction (F 1) was eluted with 15 ml eluent 1 (E1)

consisting of 1 M NaC104/0.OIM HC1O 4. This fraction

included the bluish purple band comprising the monomeric

units. The second fraction (F2) was eluted with 15 ml E2

consisting of 2.0M NaCIOVO.02M HC104. This fraction

contained the greenish low oligomers. The third fraction F3

was eluted with 15 ml E3 consisting of 4.0 M NaC1O/0.04 M

HC104. Fractions 2 and 3 were considered to contain the low

oligomers (1). The fourth fraction F4 included the higher

oligomers was then eluted with 15 ml E4 consisting of

saturated solution of potassium oxalate in 0.2 M NaOH.

Ion Chromatography Separation of the Sephadex Fractions

Each of the first three Sephadex fractions of the

reference, unaged and aged samples, were analyzed by ion
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chromatography. The IC-PAK column is a mixed low capacity

resin recommended for transition metals and also for

fluoroborate, iodide, thiocyanate and chlorate (2). Initial

studies on mobile phase optimization had shown that good

separation could be achieved with 2.0 M NaClO4/0.02 M HC104

at pH 4.50. The pH was adjusted by addition of sodium

hydroxide or perchloric acid solution. Mobile phases

containing less ionic strength gave broader peaks for the

monomeric species and did not detect the oligomeric species.

Eluents of higher ionic strength were not practical due to

the very high back pressure. The fourth fraction (F4)

containing higher oligomers was not analyzed by IC because

of its high pH. Preparative IC experiments were conducted on

some of the aged fraction to isolate and quantitate the

amount of chromium in the monomeric group and the low

oligomers. The experiment involved collection of the IC

eluents at t1 corresponding to the monomeric and polymeric

peaks. Usually, 1 ml portion of the sephadex eluents were
injected into the IC system. Peak areas representing the

monomeric groups and the low oligomers were collected and

analyzed by atomic absorption method.

Atomic Absorption Spectrometry

All fractions from the Sephadex column and the

preparative fractions were analyzed for chromium by atomic

ok"m
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absorption spectometry. Total chromium was determined by

atomic absorption using the permanganate azide method as

modified by (3). Chromium solution were digested with HNO3,

4% KHNO4 and quenched with 4% NaN3 . Total recovery and

percent composition of each hydrolytic group from the

Sephadex column was determined.
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CHAPTER III

RESULTS AND DISCUSSION

I Optimization of IC Monomer Method.

Eluents containing EDA cations and tartarate as the

complexing anion have been widely used in non suppressed ion

chromatography of transition metals (1-7). An IC method for

the analysis of Cr(III) and Cr(IV) has been developed in

this lab. (7,8). The method involved the use of 10 mM

tartaric acid. 3.5 mM Ethylenediamine and 5% acetonitrile at

pH 2.9 in the elution of Cr(III) monomers. However, the

analytical procedure optimization was not determined. In

this research, we undertook a systematic approach to

evaluate the limiting factors in the eluent mixture and a

more detailed evaluation of the ethylenediamonium tartarate

elution mechanism.

A) Influence of pH.

A pH dependent study was carried out at the pH range

from 3.5 to 5.0. The analytical data for the influence of

pH on the elution profile of Cr(III) ion using tartaric

acid/EDA is shown in Table 3.1. As the eluent pH increases

from 3.5 to 5.0, k' decreases from 22.73 to 3.63. The most

amount of Cr(III) that eluted in the shortest tR was at pH

4.5, with k' of 4.92. At this pH, the extent of

59
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Table 3.1. Influence of pH on the IC of Cr(III) using
EDA/Tartarate eluent. Eluent is 1.50 mM Tartaric
acid and 1.5 mM EDA.

pH Cr(III) tR k Area
ppm (mins)

3.5 10 14.2 22.73 110547

4.0 10 7.10 10.83 230057

4.5 10 3.55 4.92 243431

5.0 10 2.78 3.63 220545
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Table 3.2 Fractions of tartaric acid' at pH 4.50

ab pH 4.5

a0  1.25 X 10-2
a1  4.0 X l0~
a2 5.88 X 10

'K'

K'2

= 1.04 X 10 3

= 4.55 X 10

bi "

a1 = Y

CT

a2 =2-1

CT

[HH + K1[H ] + K1K2

[H+]2 + K,[H+] + K1K2

[H+]2 + K 1[H*] + KK2

C T



62

dissociation of tartaric acid is 40% of the first hydrogen and

59% for the second hydrogen. Thus Cr(III) is likely to form a

soluble complex with the tartaric acid ligand.

Sevenich et al.(6) studied the tartarate/EDA eluent,

his result indicated that the elution mechanism involved a

combination of the mass action "pushing" effect of the

ethylenediammonium cation and the weakly complexing or pulling

effect of the tartarate anion. At pH 4.5, EDA is doubly

protonated and will not interfere with tartaric acid and allow

for maximum complexation by tartaric acid. The reduced tR is

also consistent with the doubly protonated EDA exerting the

highest push. This pH effect is likely to influence the

retention and extent of dissociation of tartaric acid and its

complexing ability and the effectiveness of EDA as a counter

ion.

B) Influence of tartaric acid concentration

The effect of fixed EDA concentration at 1.5 mM and

1.75 mM and varied tartaric acid concentration on the

elution of Cr(III) is shown in Fig. 3.1 and 3.2

respectively. The results show that increasing the amount of

tartaric acid, decreases the retention time (tR) of chromium

(III) peak. The figures also show that increasing the

amount of tartaric acid increases Cr(III) complexation and

y'..: .rt.:'enYf '- FSN., .. _;
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therefore the amount of Cr(III) eluted front the column.

Since at pH 4.50 ethylenediamine is completely protonated,

the observed response could be mostly attributed to changes

in tartaric acid concentration. The eluted metal ions are

only partly complexed and are mostly in solution as cations.

The eluted ions also have a lower equivalent conductance

than the eluent cation and thus appear as peaks of lower

conductance. As discused in (6) the mechanism of elution

using ethylenediammonium and the tartarate can be explained

as follows:

2 MrRy + Y E2+== Y E2+R2 + 2 Mr

where E2+ represents the eluent cation (ethylenediammonium),

My+ represents the sample metal ion, and the subscript on R

represents the exchange sites on the resin used by the ions.

The selectivity coefficient, (E, for this reaction, is:

KEN,
(El]MrR,]

At low loading of sample ion, the resin capacity/2 is

approximately [E2 +R 2 ]. The capacity factor, k', is equal to

the ratio [M +Ry]/ [Mr]. Thus the equation can be written

as:

2(E'tJ' k'2

Increased tartaric acid concentration will also

increase the eluent ionic strength and therefore lower the

retention time for Cr(III). This is true for tartaric acid
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concentration below 1.5mM, where ionic strength could be the

controlling factor in the retention mechanism.

At 1.75 mM EDA concentration Fig. 3.2, though there is

still an increase in the eluted Cr(III), but sensitivity is

greatly reduced. There was also an increase in retention

time with increase of tartaric acid concentration. This

would suggest that the pushing effect of EDA as the primary

eluting force is greatly reduced at higher tartaric acid

concentration. One plausible explanation for this could be

that above 1.5 mM tartaric acid, an available excess of

tartaric acid exists in an uncomplexed form. This excess

could then hydrogen bond to EDA, resulting in reduced

pushing effect of EDA and increased tR. This is consistent

with tartarate-EDA cross reaction which may be induced by a

high excess of either compound. Thus high EDA concentration

results in higher EDA-tartaric acid intereaction, reducing

available tartaric acid and thus resulting in less Cr(III).

The possible structure of this hydrogen bonded EDA-tartarate

complex is shown below.

H 0

HO - C C--0,, H

H-CH3

HO - C C - 0"' H

IHH 0
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The stoichiometry for the EDA/tartarate acid eluent

for the IC determination of Cr(III) is established in Fig.

3.3 and 3.4. Thus the best result is at 1:1 stoichiometry.

This optimum condition for the analysis of Cr(III) using

EDA/tartaric as eluent were obtained at pH 4.5 and eluent

composition of 1.5 mM for both compounds.

II. Synthesis of Hydrolytic Polymers.

Cr(III) hydrolytic species were synthesized in

both MQ and in natural water matrices. Fractions separated

by sephadex column were further subjected to analytical IC

separation. The characteristics of some of the experimental

waters is shown in Table 3.3.

a) Experiments in Milli-Q Water

In the unaged solution the hydrolytic products of

chromium (III) include the monomeric species (Cr(OH)2]+,

[Cr(OH) ]2+ and [Cr(H2O) 6]3+. (9) In the aged sample solution

the low oligomers such as the dimers [Cr2(OH)2]4, the trimer

[Cr3 (OH) 4 ]5 + and the tetramer [Cr4,(OH)6]6+ are expected to be

present in fractions 2 and 3 from the Sephadex column (10-

15). Higher oligomers such as the pentamers, hexamer and

other higher sizes are likely to be present in F4 of the

aged sample. Figure 3.5 shows the IC of the three fractions

collected from the reference column containing no Cr. Each
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chromatogram shows a single solvent peak due to

eluent/column interaction at t3 2.67 minutes. No other

peaks are detectable in the chromatograms.

Figure 3.6 and Table 3.4 show the IC and

analytical data of the fractions collected from the unaged

Cr sample. The IC of the first fraction, (Fig. 3.6a), shows

the resolution of three peaks with k' between 0.08 and 0.37.

These can be assigned to the monomeric forms of Cr (III).

The peaks suggest the presence of three chromium

monomeric species presumably [Cr(OH) 2 ]+, [Cr(OH) ]2+ and

[Cr(H20)6]3+ consistent with thermodynamic calculations at

acidic pH (16). The IC of the second fraction, Figure 3.6b,

shows the resolution of only two strong peaks at k' of 0.09

and 0.48, respectively. These also can be assigned to the

monomeric species of Cr. Two minor uv absorption peaks at

k' of 0.11 and 0.46 are noted in the IC of the third

fraction Figure 3.6c. Thus the data show that, for the

unaged sample, most of the Cr species are eluted from the

Sephadex column in the first two fractions. The slight

shift in t1 of the peaks in fractions 2 and 3 could

indicated initial stages of polymerization in the unaged

fractions.

Figure 3.7 and Table 3.5 show the 1C and the

analytical data of the aged sample. In the IC of the first

fraction (Fig. 4a) a strong peak at k' = 0.33 is observed in
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Table 3.3 Characteristics of Experimental Waters

Milli Q Water Cross Lakes Water

Calcium (mg/L) -
Magnesium (mg/L) -
Sodium (mg/L) -
Potassium (mg/L) -
Sulfate (mg/L) -
Chloride (mg/L)
Fluoride (mg/L) -
Nitrate (mg/L)
Alkalinity (mg/L as CaCO3) <0.1
Hardness (mg/L as CaCo3) <0.1
Total Organic (TOC) mg/L <0.50
pH at 25*C 5.50
Conductivity (umho,s at 25*C) <0.01

0.01
47.0

0.21
33.3 + 2.9

156.0
10.39 + 0.09
6.91

194.0
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addition to the systems peak. These peaks contain 85% of

the Cr in the whole fraction as determined by AA.

Equilibrium representing these monomeric species

have been widely investigated (13,16,17 and 18)

Crzk+ H2 0 t Cr (OH)2+ + H

Cr + 2H20oCr (OH) + 2H

and

Cr(OH)2+ + 2H20 Cr(OH) + H

The IC of the second fraction Fig. 3.7b shows the

resolution of five peaks at k' ranging from 0.09 to 1.70.

The first three peaks are the characteristic equilibrium

monomeric species peaks detected in the unaged sample.

The additional two peaks at k' 1.09 and 1.70 contained 46%

of the total Cr in this fraction. Since elution from the IC

column is a function of the species charge and size, these

two peaks can be assigned to the dimeric and trimeric Cr

polymers, respectively. This is consistent with proposed

mechanism for oligomer formation (5). Figure 3.7c shows the

IC of fraction 3 of the aged sample. The monomeric chromium

peaks are detectable and one additional broad peak is noted

at k' 1.79. This later peak contained 43.5% of the total Cr

in this fraction and it could be assigned to the trimer.

This assignment is consistent with oligomers elution order

and stability as reported in the literature (14 and 15).

Results are also consistent with the proposed equilibria
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representing oligomer formation. The oligomer formation

equilibria involve continuous additions of Cr(OH)2+ to lower

oligomers yielding higher oligomers. The equilibria were

represented as follows (14):

Cr3+ + H2O , Cr (OH)2+ + H

Cr3+ + 2H20 Cr (OH) + 2H

Cr (OH) 2 + + H20 == Cr (OH)4 + H

Cr (OH) 2 + + Cr(OH)2 == Cr2 (OH)3

2Cr(OH)2+: - Cr2(OH)'

Cr(OH)2 + + Cr2 (OH) t+ =Cr 3 (OH)

Cr (OH) 2+ + Cr3(OH)4 Cr,(OH)r

Experiments in in natural waters indicated the predominance

of the trimer. As shown in Table 3.3 the total recovery of

Cr from the Sephadex column is approximately 101% with 3.0%

monomeric species (Fl), 27.7% monomers plus low oligomers

(F2 and F3) and 71.5% high oligomers (F4). These results

are in agreement with those obtained by Spiccia and Marty

(15). However the IC provided excellent resolution of the

different species present in each fraction.

The results of this part of the research illustrates

the use of high resolution IC for investigation of

hydrolytic products of Cr (III) in solution. In addition to

the high efficiency and resolution, it is possible to

quantify monomeric, dimeric and trimeric species.
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b) Hydrolytic Polymerization of Cr(III) in Natural Waters.

The formation of Cr(III) hydrolytic species in natural

water matrices were evaluated. Two natural water sources

were used; lake Grapevine and Cross lakes natural water

samples. Figure 3.8 shows the IC of the natural water

matrices without added Cr(III) sample. Two peaks were

observed and integrated for the lake Grapevine water with tR

2.45 mins and 2.84 mins (fig. 3.8a). Fig. 3.8b shows the IC

of the Cross lakes water sample with a single integrated

peak at tR 2.50 mins and a second nonintegrated peak. The

IC data for the two water sample is shown in Table 3.6.

a) Ion chromatography of Cr(III) hydrolytic products in

lake Grapevine in the presence of added electrolyte.

The formation of Cr(III) hydrolytic species in lake

Grapevine in the presence of electrolyte was evaluated.

Figure 3.9 show the IC of chromium sample aged in lake

Grapevine with added electrolyte. The IC of the first

fraction in fig. 3.9a shows the resolution of six peaks with

k' between 0.008 and 0.60. The analytical data is shown in

Table 3.7. The first two peaks with k' 0.008 and 0.09 are

the natural water matrix peaks simillar to those in Fig.

3.8. The other three peaks with k' between 0.20 and 0.42

.z ,.... .- x M . J . .,
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Table 3.6 Ic Data for the two natural water matrices.

Natural pH Peak * tR Area

H2O

Lake

Grapevine 7.10 1 2.45 148609

2 2.84 39617

Cross

Lakes 6.92 1 2.50 183449
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suggest the presence of Cr(III) monomeric species as

reported earlier in the Milli-Q water study and consistent

with thermodynamics calculations (16). A standard

praparation containing [Cr(H2 0) 6] has a k' of 0.39, thus the

peak at k' could be exclusively assigned to [Cr(H20)6]9. The

sixth peak with k' 0.6 is presumably another anionic species

of Cr(III).

The IC of the second fraction, Fig. 3.9b shows the

resolution fo four peaks with k' between 0.045 and 0.62.

The first two peaks with k' 0.045 and 0.15 are the

characteristic matrix peaks. The third peak with k' of 0.39

is likely presumably the monomeric [Cr(H2O)6j3 . The fourth

peak with k' 0.62 is likely the same additional anionic

Cr(III) species. Figure 3.9c shows the IC of the third

Sephadex fraction. Three peaks were observed with k' 0.18

and 1.43. The first two peaks at k' 0.18 and 0.22 are the

matrix and monomeric specie. The third huge peak at k' 1.44

could be assigned to the trimeric Cr(III) species. This is

consistent with earlier studies on the formation, elution,

retention and stability of the trimer (13, 14, 15).

The analytical data for the aged chromium sample in

lake Grapevine with added electrolyte is shown in Table 3.7.

The total chromium content of fractions 1&2 represented

4.81% and 5.6% respectively. The IC chromatograms of both

fractions showed only monomeric peaks. There were no
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detectable oligomeric species in either fraction. This is

in contrast to the MQ water experiment (18) where both the

dimeric and some trimeric species are detected in Fraction

2. It could be concluded that the dimeric species do not

from to a significant extent in natural matrix under the

experimental conditions used.

In fraction 3, the total chromium content was

87.2%. Both the monomeric and trimeric species were present

in the IC chromatogram. The fourth fraction which was not

analyzed by IC contained 1.5 mg chromium and represented

2.7% of the total chromium. This is in great contrast to

the preparations in Milli-Q water (fig 3.7 and table 3.5)

where the fourth fraction representing the higher oligomers

contained 38.8mg or 70.35% of the total chromium. The total

chromium recovery from the Sephadex fractions was 100.33%.

The amount of chromium in the peak area representing

the trimeric specie in fig 3.9c was 19.8 mg which

represented 36.0% of the total chromium. The amount of Cr

species under the peak area representing the monomers in the

same figure was 7.08mg and represented 12.8% of the total

chromium.

This portion of the research determined that in

natural water matrices and in the presence of electrolytes,

Cr(III) will form hydrolytic polymers. The AA data on Cr in

the fractions showed excellent total recovery of 100.33%.

e114 _::..i-i:
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The amounts of Cr- in each fraction was different from the

results in Milli-Q water and from those reported by Spiccia

and Marty (15). While the total chromium in fractions 1 and

2 were comparable to the Milli-Q water experiment, the Cr

content in fractions 3 and 4 were drastically different. In

Grapevine water, fraction 3 contained 87.2% of the total Cr

while Milli-Q water contained 23.03%. Fraction 4 in lake

Grapevine water contained only 2.7% of the total chromium in

contrast to 38% in the case of Milli-Q water.

Differences were also noted in the IC chromatograms of

the fractions. First, no dimeric or trimeric peaks were

detected in the IC of fraction 2. Second, the IC of fraction

3 showed a significant trimeric peak which contained 36% of

the total Cr in the sample. In the case of the Milli-Q

water, the trimeric peak corresponded to 23.03% of the total

chromium in the sample. The IC chromatograms of all

Grapevine fractions showed that the low oligomers are the

major products formed with the most stable trimeric species

being the dominant species. Additional recovery experiments

would be required to further evaluate Cr recovery and mass

balance in the IC experiments in natural waters.

b) Ion Chromatography of Cr(III) hydrolytic species in

Lake Grapevine with no added electrolytes.
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.The purpose of this experiment was to evaluate Cr(III)

hydrolytic polymerization in a natural water matrix with no

added electrolyte. Cr(III) solution was aged in the same

water matrix with no added electrolyte. The IC of the

fractions are shown in Fig. 3.10. and the analytical data in

Table 3.8. Fig. 3.10a shows the resolution of five peaks

but only four were integrated with k' between 0.22 and 0.72.

The first three peaks are the characteristic monomeric

species with k' between 0.22 and 0.56. The fourth peak with

k' of 0.72 is presumably the additional anionic complex
described earlier. Figure 3.10b shows the resolution of six

peaks but only five were integrated with k' between 0.094

and 0.64. The first two peaks with k' 0.094 and 0.12 are

the matrix peaks and the last three peaks with k' between

0.36 and 0.64 are the characteristic monomeric species. The

IC of the third fraction, Fig. 3.lOc shows the resolution of

three peaks with k' between 0.22 and 1.44. Other than the

characteristic monomeric peaks, the trimeric peak was

detected at k' of 1.44. detected.

The analytical data for Cr aged in lake Grapevine with

no added electrolyte are shown in Table 3.8. The Cr content

of the fractions are comparable to the previous experiments

with added electrolyte. Again most of the Cr (83.4%), were

present in the third fraction. The fourth fraction contained

1.48mg chromium which represented 2.7% of the total
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chromium. This is very close to the values obtained in the

added electrolyte sample (Fig 3.9 and table 3.7) suggesting

that higher oligomers may not be formed in natural waters.

The total chromium recovery from the Sephadex fraction was

94.1%.

As found in the preceeding experiment with added

electrolyte no oligomers were detected in the IC of

fractions 1 or 2. This is also in contrast to the MQ water

sample where dimeric and some trimeric species were detected

in the IC of fraction 2. All the IC peak areas representing

the monomeric species contained 5.0mg chromium which

represents 9.10% of the total chromium.

The IC of the third fraction contained both the

monomeric and trimeric species. Analysis of Cr in fig 3.10c

showed that this peak contained 3.6mg chromium which

represents 6.50% of the total chromium. This is in contrast

to the 19.8mg recovered from the trimeric peak in the

previous experiment with added electrolyte. The results of

this experiment show that without adding electrolyte

fractionation of Cr(III) species on Sephadex column is

essentially the same as with added electrolyte. However in

the IC chromatograms, less trimeric species was eluted with

no added electrolyte. As mentioned earlier, futher research

on recovery and IC elution is needed to address these

questions.



91

In summary this portion of the research indicated that

hydrolytic polymerization of Cr(III) will occur in natural

water matrices with or without added electrolyte. The most

stable product, seperated by IC was the trimeric species.

This trimeric product was however formed to a lesser extent

in the absence of added electrolyte. There were no

significant differences in the amount of higher oligomers

formed in the presence or absence of electrolytes but the

amount of monomeric species formed was slightly lower in the

non electrolyte medium.

c) Ion Chromatography of Cr(III) hydrolytic species in

Cross Lakes water Matrix with no added electrolyte.

Water samples from different Cross lake water was also

used to evaluate Cr(III) polymerization. The IC of the

different fractions eluted from the Sephadex column is shown

in Fig. 3.11 and the analytical data shown in Table 3.9.

Figure 3.lla shows the resolution of six peaks. However only

five were integrated. The five integrated peaks have k'

between 0.21 and 0.64. As before these peaks were assigned

to the monomeric species. The second fraction also shows

the resolution six peaks. Only five were integrated with k'

between 0.13 and 0.70. The first peak with k' 0.13 is

assigned to the matrix peak. The other peaks with k'
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Table 3.9 Analytical Data for Cr(III) aged in Cross Lakes
water matrix with no added electrolytes. Eluent
is 2.0K NaCb4, and 0.02M HC104 .

tR min. Area k 1  Assignments

Fraction 1 Fig. 2.33a
Pk 1 3.03 61563 0.21
Pk 2 3.38 83349 0.35 Monomeric
Pk 3 3.47 57720 0.39 Species
Pk 4 3.73 110162 0.49
Pk 5 4.11 163148 0.64

Fraction 2 Fig. 3.llb
Pk 1 2,77 71985 0.13 Matrix

Pk 2 3.20 57899 0.31
Pk 3 3.38 103799 0.35 Monomeric
Pk 4 3.79 136866 0.52 Species
Pk 5 4.24 159434 0.70

Fraction 3 Fig. 3.llc
Pk 1 2.96 167514 0.18 Matrix

Pk 2 3.55 256800 0.42 Monomeric
Species

Pk 3 6.03 155916 1.41 Trimeric
Specie

a, .&MW - -
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between 0.31 and 0.70 were assigned to the monomeric

species. As with the two previous studies in natural water

matrices, no oligomeric species were detected in this

fraction. This is also in sharp contrast to the MQ water

sample where low oligomers were detected in fraction 2.

Figure 3.l1c shows the resolution and integration of three

peaks with k' between 0.18 and 1.41. The first peak with k'

0.18 is assigned to the matrix peaks while the second peak

with k' 0.42 is assigned to the monomeric product. The

third peak with k' 1.41 is assigned to the trimeric species

for reasons enumerated earlier. There were no IC chromium

data on this sample.

This portion of the research illustrated the

formation of Cr(III) hydrolytic polymerization products in

different natural water matrices. Also it showed that added

electrolytes are not necessary for the formation of Cr(III)

hydrolytic species in natural waters. The most important

findings relate to the detection of substantial amounts of

Cr(III) hydrolytic species in the soluble form. The amounts

of high oligimers formed with natural water matrix was more

than 10 times less than with Milli-Q water. This is

significant in understanding the distribution and transport

of cr(III) from chrome waste sites.

Itm-m-NOM 41m liq 1" 1 1 11 - . -
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CHAPTER IV

CONCLUSIONS

This research had three main objectives. The first

objective was to optimize the analytical methodology for the
use of Ethylenediamine(EDA)/tartaric acid as eluent in the
IC of Cr(III), and to further study the elution mechanism.
The second objective was to develop an IC method to study

Cr(III) hydrolytic promerization species in milli-Q water
and the third objective was to study Cr(III) hydrolytic

polymerization in natural water matrices.

Through careful experimental procedures, and evaluation
of analytical methods, we were able to accomplish all the
three objectives. Based on the results obtained, the
following conclusions can be made;

1) An optimal stoichiometric ratio of 1:1 was obtained in
the IC study of Cr(III) monomer using EDA/tataric acid
eluent. The best result was obtained with 1.5 mM EDA and 1.5
mM tartaric acid. The pH optimum was also evaluated and the
best eluent pH was determined to be 4.50. This
concentration stoichiometry and pH optimium are important

for the accurate quantitation and recovery of Cr(III).
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2) An IC-HPLC method was developed for the analysis of

Cr (III) hydrolytic species. This allowed for the

identification and quantitation of both the monomeric and.
low oligomeric species. The IC separation of the monomeric,

dimeric and trimeric hydrolytic products were demostrated
for the first time. This method demonstrated the
application of ion chromatographic separation for speciation
of multiple metal ions in solution.

3) Hydolytic polymerization of Cr(III) in natural water
matrices was also demonstrated. The knowledge of this
phenomena will contribute immensely to our unstanding of
aquatic chemical kinetics, Cr transport and fate in natural
water matrices. The results provided some of the first
experimental evidence for the formation of Cr(III) oligomers
in natural waters. Thus, hydrolytic polymerization is a fate
process for Cr(III) in natural water matrices. The
ecological and physiological consequences of such
hydrolytic species awaits further evaluation.

NOW
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